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EXPERIMENTAT, INVESTIGATION OF ATR-COOLED TURBINE BLADES IN
TURBOJET ENGINE
IX - EVALUATION OF THE DURABILITY OF NONCRITICAL ROTOR
BLADES IN ENGINE OFPERATION

By Francis 5. Stepka and Robert 0. Hickel

SUMMARY

An investigation is being conducted to ewaluate the durability of
promising blade configurations of air-cooled rotor blades in a modified
turbojet engine and to obtain some insight regarding the effect of
vibration, large chordwise temperature gradlents, creep, oxldationm,
heat-treatment, and method of febrication on the life and the durgbility
of blade configurations made of noncritical materials. The results
cbtained with 12 blades fabricated from noncritical materials are pre-
sented. These blades comprised flve baslically different struetural or
cooling configurations or both. Two of the configurations were modified
at the leading and trailing edges to provide £ilm cooling of the blades
and thus decresse the chordwise temperature gradiente at the possgible
expense of strength. Three of the configurations had no leading- or
trailing-edge modifications and consequently had large chordwise tem-
perature gradients.

The investigation of these blade configurations consisted in
operating the blades over a range of continuous engine speeds from
4000 to 11,500 rpm and cooling-sir flows per blade from 15 to 5 percent
of the combustion-gas flow per blade. The blades which could withstand
the continuous speed operation were subjected to a more severe test
that consisted of alternate cycles of 5 minutes at idle speed (4000 rpm)
and 15 minutes at rated engine speed (11,500 rpm) with 15 seconds
allowed. for acceleration or deceleration. At rated engine speed the
effective gas temperature was maintained at ;QSOO_F. This temperature
corresponds to a turbine-inlet temperature of approximately 1670° F.
The cooling-sir flow per blade for the cycllic test was maintained at =
constant value of 5 percent of the combustion-gss flow per blade at .
rated engine speed.
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The results of the investigation indicated that the blade con-
figurations modified for f£f1lm cooling were structurally unsatisfactory.
Cracks developed .across the leading edges of these blades after less
than 1 hour of operation at rated engine speed because of vibration and
the high stress concentrations. . - -

The results with the blade configurations that had no modificatlons
of the leading or traliling edges, however, showed promise of sustained
engine operation. A blade of this type made of Timken 17-22A(S) alloy
steel completed 200 cycles of operation (50 hr at rated speed), which
wae considered sufficient to demonstrate the durabllity of this type of
blade from a structural and cooling standpoint. At the completion of
the investigation, the blade wds still in good condition except for con-
glderable oxidation at the leading and tralling edges. The endurance -
investigation on a SAE 4130 steel blade was terminated after 154 cycles
(38.5 hr at rated speed) because of severe oxidation at the leading and
tralling edges. The investigation although limited in the number of
blades tested indicates, nevertheless, that air-cooled rotor blades
made of noncritical materials can be operated for extended perlods of
time at current turbine-inlet temperatures end engine speeds and can
withstand repeated thermsl shock. It was apparent, however, that some
means, such as coatings, is required to inhibit oxidation of the blade

shell.

INTRODUCTION

An investigation of various configurations of air-cocled turbine
blades installed in a commercial turbojet engine was started at the
NACA Lewis laboratory in order to obtain a blade configuration that
would permit engine operstion at current turbine-inlet temperatures
when noncritical blade materiels were used. Meterisls that contain not
more than 5 percent of critical alloying elements are consldered as
noncritical materials herein. The investigations of blades that had no
special method for c¢doling the leading- or Trdiling-edge sections indi-
cated that aeppreciable cooling of the mlidchord section was obtained
(references 1 to 3). The leading- and trailing-édge portions of the
blades, however, were considerably hotter than the midchord; conse-
quently, large chordwlsé temperature gradients existed, With large
temperature gradients, a redistribution of stresses would probably:
occur and the cooler midchord region would become the principal load- .
carrying section. Such a stress redistribution would prohebly permit
satisfactory operation of this type, of blade. .

In an attempt to decrease the chordwlse temperature gradlents and’
to eliminate the necessity of stress redistribution, several methods of
modifying the leading- or tralling-edge or both portlons of the blades
were also investigated (references 4 to 7). The investigations indicated
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that the chordwise temperature gradients could be reduced appreciably
and that considereble cooling of the entire blade is possible. The
blades modified in this manner appeared to be more desirable with
respect to coollng effectiveness than those having high chordwise
temperature gradients. When the leading- and trailing-edge temperatures
are reduced through the use of slots or holes, the structural charac-
teristics of the blade, however, may adversely affect blade life.

In order to investigate the problems 6f lerge chordwise temperature
gradients, vibration, and the method of fabrication associated with the
various confilgurations and also in order to investigete the problems of
creep, oxlidation, and heat—treatment associated with noncritical alloys,
five blsde configurations were subjected to a schedule of operating
conditions in a production turbojet engine that was modified to accommo-
date severel sir-cooled bledes. ) ’

In general, the investigation consisted of two types of test con-
ditions. One type consisted in operating the blades over a range of
constant engine speeds and the other type consisted of a cyclic-type
test in which the engine was rapidly accelerdted and decelerated in
order to subject the blades to more severe operating conditions than
the consgtant-speed running. A greater part of the research was at
engine speedse of 11,500 rpm, & turbine-inlet temperature of 1670° F,
and a ratio of cooling-sir to combustion-gas flow per blade of 0.05.

APPARATUS
Engine

A production turbojet engine was modified to accommodate and to
supply cooling air to several alr-cooled bhlades. The modificaetions
were the same as those described in reference 1 with the exception that
one of the turbine rotors used in the Iinvestigation was modified to
accoammodate four air-cooled blades spproximately 90° apart instead of
the usual two, 180°C apart, and the tail cone of the engine was further
modified by decreesing the thickness of the shroud dlrectly above the
rotor blades from 1/8 to 1/16 inch. This was done so that the blades
which failed would penetrate the thinner shroud and prevent damsge to
the remaining blades. In the investlgation when,the turbine-inlet
temperature was held at a constant value, the temperature was controlled

by an adjustable tail-pipe nozzle.

The cooling air for the air-cooled blades was supplied by & system
external to the engine and was metered by flat-plate orifices. The
cooling-air temperature at the inlet to the blade base was measured by
chromel -alumel thermocouples.
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In order to obtain the effective gas temperature, uncooled blades
were. Instrumented with chromel-alumel thermocouples. The thermocouples

were installed in-the leading edge of the bhlade at a distance 2{% inches

from the tip. Two &lch blades weré installed in the turbine rotor for
each blade configuration 1nvestigated

A detailed descripticn of the engine modificatlions and instrumen- _
tation is glven in reference 1.

Cooled Blades

A total of 14 ailr-coaled blades were fabricated and investigated;
12 blades were made of cast or formed noncritical metals and two blades
were cast from a high-temperature alloy. These blades comprised five
different nontwisted blade configurations, herelnafter designated con-
figurations A, B, C, D, and E. The blade materials used were SAE 4130
steel and Timken 17- ZZA(S) steel (noncritical materials) and & critical
material, AMS 5382A. The chemical compositlion of these materials (ref-
erences 8, 9, and 10, respectively) is summarized in table I.

Pertinent fabrication data for the blade ponfigurations are sum-
marized in teble IT. . - o <

Configuration A. - The Tirst configuration (A) investigated had
special film-cooled leading and trailing edges as shown in figure 1.
The film cooling augmented the forced-convectlon cooling obtained with
air-cooled blades such as those described in references 1 to 3. The
leading edge was .film cooled by passing air through three rows of
radial slots (fig. l) The leading-edge row consisted of four slots
gnd the rowe on either side of the leanding edge had three slots each.
These slots were 0.010 inch wilde and about 7/8 inch long. Configura-
tion A had a "sharp" leading edge, its radius being 0.05 inch. The
trailing edge was fiim cooled by air pessing through 29 holes of
0.040-inch diameter spaced 0.125 inch apart in a radial groove that was
cut in the pressure surface of the blade 0.375 inch from the trailing
edge. The tips of the blades were capped at the leading— and trailing-
edge sections forcing a portion of the. cooling air to flow through the
slots and holes in the leading and trailing edges. The interior of the
blade was packed with nine SAE 1020 steel tubes to increase the heat--
transfer surface ares in -the midchord sect;on. The tubes were Nicro-
brazed in place. "The leading-edge modification of configuration A was_
similar to that of blades 7 and 8 in reference 4, whereas the trailing-
edge modification was similar to that of blade 6. in reference 4. Two
blades (Al and A2) of this configuration were cast of & noncritical
material, SAE 4130 steel, and 2 blades (A3 and A4) were cast from a
high temperature elloy, AMS 5382A. These blades were Investigated as
cast (no heat-treatment).
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Configuration B. - Configuration B (fig. 2) was designed ss a
double flow biade in order to make use of matursl-convection effects
that would augment the forced convection and film cooling of confilgura-
tion A. Configuretion B was similar to blade 14 of reference 6, in
which the cooling effectiveness of several double-flow blades’ is pre-
sented. The shells and bases of configuration B were integrally cast
of SAE 4130 steel. Ten SAE 1020 steel tubes were Nicrobrazed in the
midchord section of the blade so that they terminated approximately
1/4 inch from the tip of the blade, which was entirely capped (fig. 2).

The cooling air that entered the tubes at the base of the blade
floved radially ocutward into the space between the blade cap and the
tube ends. The sir then reversed direction and flowed radially inward
in the leading- and trailing-edge regions of the blade. Part of the
cooling air entering the base of the blade flowed directly Into the
leading- and trailing-edge regions. Thus the leading- and trailing-
edge regions were coocled partly by the air that entered these regions
after reversing flow direction upon flowing out of the tubes and partly
by the air that entered these regions directly from the blade base.

The leading edge was f£ilm cooled by three rows of redial slots in
the same manner as configuretion A. The leading-edge temperature was
further reduced by increasing the leading-edge radius from 0.05 inch
(configuration A) to 0.099 inch (configuration B). Increasing the
lesding-edge radius decreases the heat-transfer coefficient at the
leading-edge region as discussed In references 4 and 11.

Two radial slote that provided cooling-eir-film coverage for the
treiling edge were ground through the wall of the blade at the trailing
edge. Each slot was 0.025 to 0.030 inch wide and sbout 1.5 inches long.
Two blades (Bl and B2) of this configuration were investigated in the
as-cast condition.

Confilguration C. - The third configuration (C) investigated had the
bases and shells integrally cast of SAE 4130 steel. This configuration

- {£ig. 3) had nine steel tubes inserted aend Nicrobrazed in the midchord

region of the shell. To special method for cooling the leading- and
trelling-edge regions was used. This configuration was similar to that
reported in reference 1, in which the cooling effectiveness of this
type of configuration is presented. Two blades (Cl and C2) of this
configuration were fabricated and investigated in the as-cast condition.

" Configuration D. - Configuration D was constructed by fillet weld-
ing formed shells of SAE 4130 steel to bases cast of the same material.
After welding the shells to the bases, the blades were given a stress-
relieving heat-treatment. The shell, which had an sirfoil section simi-
lar to configuration C except for a relatively sharp leading edge having
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a radius of approximately 0.075 inch, was formed from a tapered tube
into the blade profile. The details of this fabrication are presented
in reference 12. "No special method for cooling the leading- and
tralling-edge sectlon of this conflguration was used.

The two blades (D1 and D2) of this configuration had nine steel
tubes inserted into the formed shells. Blade D1 had the tubes Nicro-
brazed. in place and blade D2 had the tubes copper brazed in place. It
is somewhat easier to fabricate blades with copper braze (reference 12),
but blades having copper-brazed tiubes had not been previously lnvesti-
gated for endurerice, and i1t was not known whether this method of fabri-
cation was sultable from an operational standpoint.

Configuration E. - Configuration E was fabricated from s formed

shell having the ssme profile as configuration D. The farmed shell was

arc butt welded to a.protruding lip on the cast base. (For detalls of
this fabrication method, see reference 12.) This method was probably
a more desirable method of attaching the shell to the base than the
fillet weld employed.in fdbricatling configuration D. Conflguration E
(fig. 4) had 12 steel tubes brazed in the midchord region. In all the
previous configurations, the tubes terminated a% The base of the shell
as shown in figure 3 and the shell supported thé entire weight of the
tubes. In configuration E, however, the tubes were extended about

0.4 inch into the bladé base and were brazed to the base. In this
manner the tubes tend to support some of their own weight and thus the
shell stresses are reducel (reference 1). A total of four blades

(E1, E2, E3, and E4) of this configuration were fabricated. In order
to investigate the endurance chdracteristics of another noncritical
material and to compare the results with SAE 4130 steel, two of the
blades (E3 and E4) were fabricated of Timken 17-22A(S) alloy and two
(E1 and E2) of SAE 4130 steel. One blade of each of these materials
had the tubes in the mildchord section: Nicrdbrazed in place; two had the
tubes copper brazed in place.

In order to increamse the strength and to decrease the creep rate of

this group of blades, both of the SAE 4130 steel blades (El and E2) and
the Timken 17-22A(S) alloy blade (E4), which had the tubes Nicrcobrazed

in place, were heat-treated. The remaining Timken 17-22A(S) alloy blade

(B3), which had .the tubes copper brazed, was hot heat-treated so that
gsome comparieson between heat-treated and nqnheatrtreated blades might

be made. The heat-treatment consisted in heating the Ricrobrazed blades

(E2 and B4) in a salt bath at 2000° F for 15 minutes and then isother-
mally guenching the blades in another salt bath at 1200° F for 15 min-
utes. The bladea were then permitied to galr cool to room temperature. -
This heat-treatment is considered one of the better heat-treatments for

the materials used and is discussed in more detail in reference 12. The

copper-brazed blade (BEl) with an SAE 4130 steel shell was heat-treated
in the same manner except the iumltial salt bath temperature was 1800° F
and the ilsothermal quench tempersture was 1000° F.
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Uncooled Blades

At the beginning of the endurance program, hollow, uncooled, non-
twisted blades made of AMS 53824 slloy of the same profile as the
cooled blades were placed adjacent to the cooled blade. This procedure
was followed in order tc decrease the unfavorable flow canditions that
may arise by having the nontwisted cooled blade between the conventional
twisted uncooled 'blad.es. Configurations A.and B were investigated in
this manner. . - N

Before proceeding with the investigation of configurations C, D,
and E, however, the uncooled nontwisted blades were repla.ced. by the
solid twisted uncoocled bledes that are conventionally uged in the rotor
of this engine. This replacement was necessary because of the repeated
failure of the hollow uncooled blades. Thus, for the investigation of
configurations C, D, and E, all of the rotor bledes except the cooled
blades under investigation were of the same configuration and material.
From the data presented in reference 7, comparisons of the chordwise
temperature distribution for an air-cooled blade having twisted and non-
twisted blades adjacent to it can be mede for engine speeds up to
10,000 rpm. The data indicate thet with twisted or nontwisted blades
adjacent to the cooled hlade there is relatively small effect upon the -
chordwise temperatures on the cooled blade. Date are not presented in
reference 7 for this comparison for engine speeds exceeding 10,000 rpm.
Although the endurance tests were made at an engine speed of 11,500 rpm,
the change in tempersture distribution around the blade probably would
still be relatively small and the end.urance results woruld not be changed
significantly.

PROCEDURE -
Configurations A and B

The first configurations investigated were A and B, which had film-
cooled leading- and trailing-edge sectlons. The investigation began
with two blades of a. configuration installed in the turbine.

Previous investigations of similar configurations showed that the
cooling effectiveness of the leading-edge region decreased rapidly at
low coolant flows (references 4 and 6). Consequently, in order to avoid
operation of the bldades ¢of configurations A and B in a coolant flow
range where decreased leading-edge cooling effectiveness is likely to
occur, operation of these blades was made at high coolant flows. In
order to provide somewhat of a cold spin test, initial operation of the
blades was made at very high coolant flows (cooling-air to combustion-
gas flow ratig per blade, 0.15) at engine speeds ranging from 4000 to
11,500 rpm. Periodic visual inspections of the blades -were made, and
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if no failures occurred during the "cold-spin tests", the blades were
then operated at reduced coolant flows (cooling-air to combustlon-gas
flow ratio per blade, 0.10) at englne speeds ranging from 8000 to
11,500 rpm.

The investigatlion of these blades was made with the adjustable

tall-pipe nozzle in full-open position. The effective gas temperature o

varied from 93709 to 1452° F (depending primarily on engine speed)
during the course of the investigation. A summary of the engine opera-
ting conditions is shown in table ITI. ' s

Configurations C, D, and E

From the experlence obtained during the investigations of configu-
rations A and B, the operation of configurations C, D, and E at engine
gpeeds below 10,000 rpm was dispensed with because the results

obtained at lower engine speeds would have ccmparitively little
significance.

Conflguration C was operated over a range of cooling-air to
combustion-gas flow ratios per blade from 0.15 to 0.05 at constant
engine speeds ranging from 10,000 to 11,500 rpm. In addition %o the -
constant speed tests, this configuration wase subjected to a cyclic-type
endurance operation. The cyclic tests consisted In operating the engine
for 5 minutes at idling speed (4000 rpm) and accelerating the engine in
15 péconds to rated engine speed (11,500 rpm). At rated engine speed,
the tail-pipe nozzle was adjusted to give an effective gas (or solid
blade) temperature of 14500 F. This temperature corresponds to a
turbine-inlet temperature of approximately 16870° F. These conditions
were maintained for 15 minutes after which the engine was decelerated
in 15 seconds to idling speed. This test procedure was repeated for
each additional cycle. The cyclic type of opération was chosen so that
the blades would be subjected to rapid changes in average temperature -
level, thereby exposing the blades to greater thermal shocks and making
it necessary for a more rapld redistribution of stresses within the
blades than are encountered in constant-speed running. Before the
engine was started for the cyclic tests, the cooling air flow to the
bledes was set at a constant value that carresponded to 5 percent of
the engine. gas flow per blade at rated engine speed. The potentiality
of operating air-cooled blades at lower cooling-silr ta cambustion-gas o
flow ratios 1s indicated in reference 13; however, the value of 5 per-
cent was arbitrarily chosen as the upper limit of the amount of cooling
air that could be bléd from the compressor without excessively reducing
the over-all engine performance.
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Configuration D was subJected only to the cyclic test. Configura-
tion B, however, was subjected to both constant-speed running at engine
speeds of 11,000 and 11,500 rpm and to the cyclic operetion. All run-
ning was done at a cooling-air to combustion—gas flow ra‘blo of 0.05 per
blade.

The blades of these three configurations were visually inspected
periodically for cracks or indfcation of impending failure. A summary
of the pertinent engine operating conditions for these blede configure-
tions is given in 'bable Iv,

RESULTS AND DISCUSSION

A summary of the endurance investigations of the five air-cooled
blade configurations is presented in tables III and IV.’

Blades Modified to Reduce Chordwise Température Gradients

The results of previous investigations (references 4 to 7) indi-
cated that blades with special leading- and traliling-edge modifications
had smaller chordwlse temperature gradients than the umnmodified ‘blades
and at the time showed the most promise of operation in present day
turbojet engines; consequently, the first nonecritlcal blades endurance
tested were those having film-cooled leading- and trailing-edge sections.

Configurations A and B. - The endurance investigation of configura-
tions A and B, which had the leading and trailing edges modified for
film cooling, revealed a type of failure that was common to both con-
figurations. After 3 to 6 hours of operation (see table III), three of
the bhlades developed cracks between the radisl slots in the leading-edge
section. The cracks were perpendicular to the radiel slots and
developed in the same general area, approxmately l:;‘z to. lg inch from

the blede base. -

The cracks First appeared in blade Al (cast of SAE 4130 steel with
no heat-treatment). The cracks were welded and operation resumed.
After 1 hour and 39 minutes of additional operation, one of the cracks
reappeared and the blade was removed from the turbine. The investiga-
tion of configuration A was then continued with blade A2, which failed
vwhen the entire leading-edge section broke away from the blade shell.
The total operating time for blade A2 was approximately 6 hours of
which only 20 minutes were at ratell engine speed.
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The endurance investigation of configuretion B, comsilsting of two
SAE 4130 blades with no heat-treatment, is also summsrized in table III.
Cracks developed between the radial leading-edge slots of ome of the
blades -after a total operating time of 3 hours and 24 minutes, of which
19 minutes were-at rated éngine speed. The investigation of configura-
tion B was terminated at this point because of the repeated failures :
that had been expérleunced with blades having radial leading-edge slots.

In order to determine if the repeated failures at the leading edges
were caused by the use of noncritical materials at elevated temperature
or if the failures were caused primarily by vibratory stresses, two
blades made of cast AMS 53824, a bhigh-temperature alloy, were Investi-~
gated in the as-cast condition.- These blades were the same as con-
figuration A, except for the material. After operating the blade of .. ..
AMS 5382A for a total of 2 hours and 45 minutes, of which approximately
1l hour was at rated esungine speed, one of the blades developed a crack
between the radial leading~edge slots; the location of the crack was
similar to that on the blades made of SAE 4130 steel. Further investi-
gation of the AMS 5382A blades was not made. It was observed that all
the cracks in the leading-edge section of conflgurations A and B were~
located near the ends of the radiai slots, where, becanse of the
machining operation used Iin msking the slots, a sharp edge existed,
which probably resulted in high stress concentration at these points.

It was thought, therefore; that some combination of vibratory stress
and perhaps thermal stress, in addition to the high stress concentra- ..
tions near the edges of the radial slots, csused the cracks. '

In order to. determine whether the. cracks across the leading edge’
were caused by vibration fatique, an investigstion of a blade similar
to configuration A was made to determine which modes of vibration could
have been responsible for the failures. ' The blade was mounted in &
turbine apparatus as described in detall ;in reference 14. This investi~
gation indicated that at certain modes of vibration the reeds formed'by
machining the cooling-air slots vibrated as separate beams producing
high stresses in-addition to the usual stress concentrations that exist,
at the end of the slots when the blade 1s rotating. It was also noted,
thaet most of the other modes had nodal lines that intersected the lesad-
ing edge ‘at or near the ends of these slote. Of the 15 modes that were
recorded, seven had such intersections 3/8 inch from the blade base, and

six had an 1nterse_ct:i.on..l£ Inch from the base. These points apparently

2
would be points of high vibratory stress. This is confirmed by the
location of the cracks iIn the leading edges of the blades operated in
the engine. Thuse, it can be coucluded that the fallure at the leading
edges of configurations A and B was caused essentlally by the radiasl

slots and not by the blade material used: S

ol
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Although cooled blades with radial leading-edge slots of the type
investigated appear to be structurally unsatisfactory as rotor blades
at the present time, further research is required on other types of
leading-edge modificatlion that would eliminate the high stress con-
centrations at the edge of the slots and decrease the vibratory
stresses at the leading-edge regions.

Blades with Large Chordwise Tempersature CGradients

Because of the repeated falilures at the leading edge of f£ilm-
cooled configurations A and B, noneriticel blade configurations having
no special leading- or tresiling-edge coollng methods were investigsted.
Although blades of this type configuration have large chordwise tem-
perature gradients, the redistribution of stress would probably occur
and permit engline operatlon at current turbine-inlet temperatures.
Consequently configurations C, D, and E were fabricated and investigated.

Configuration C. - One blade of configuration C (fig. 3) cast of
SAE 4130 steel with no heat-treatment was installed in the turbine
rotor for the endurance test. This blade was operated for 1 hour at
both 11,000 and 11,500 rpm at & cooling-air to combustion-gas flow ratio
per blade of 0.15. At the end of thls time, the second and third tube
inserts from the tralling edge, which were not completely 1n contact with
the shell at the beglnning of test, parted from the shell near the tip;
nevertheless, the test was continued for a total time of 8 hours (4 hr
at rated speed) when the second twbe from the trailing edge broke
approximately l%-inch from the base and damaged the tip of the blade as ’
it came out of the cooling-air passage. An sttempt to repair this blade
was unsuccessful and it was removed from the rotor and replaced by a
similar blade. Although a radiograph inspection of this second blade
prior to installation revealed shrinkage and porosity sbove a third
spen length from the base, the blade was used in order to determine
whether these defectis had a serious effect on structural strength of
the blade. After a total running time of approximately 31 hours (22 hr
at rated speed) the test of this blade was terminated because of dis-
tortion and excessive creep at the tralling edge. The distortion of
this blade after 2 minutes of the eighty-first cycle of operation as
compared with a blade that had not been endurance tested is shown in
figure 5. Smell crecks at the leading edge, which are appasrently hot
tears, were alsoc obderved at the termination of the test. This exces-
slve creep may have resulted because the blade was not heat-treated.
Also the elongation may have been caused by malfunctloning of one of
the engline components which occurred during the first 2 minutes of the
elghty-first cycle and caused the effective gas temperature to reach a
value of 1570° F, which is 120° F higher than that normally maintained
for the endurance investigations. The engine was shut down immedlately
and the elongation of the turblne bladés was observed. '
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For both blades of configuration C, a thin oxlde scale had developed
on the blade shells after.3 hours of operation. The oxidation did not
progress to any observable extent after the thin oxide scale was first

observed.

Configuration D.- - In order to investlgate the structural strength
of blade configurations that would lend themselves to more rapid blade
production than by integrally casting blades, configuration D was tested
for endurance. - The two blades of this configuration, DI and D2, which
were similar in profile and intermnal tube arrangement to configuration C

had formed shells of SAE 4130 steel fillet welded to cast bases.

Blade D1 hed the tubes Nicrobrazed in place and blade DZ had the tubes

copper brazed in plsce.- Blade D1 feiled at the base after 10 cycles

and 9 minutes at rated engine spPeed hecause of insufficient weld pene-

tration at the blade base. Further investligatlon of configuration D

wae terminated because the £1illet weld method of attaching the shell to

the base was apparently unsstisfactory.

Configuration E. - In view of the observed failure of configura-.
tion D, . another method of welding that would give better weld penetra-
tion was atiempted on configuration E by arc butt welding the shells to

a protruding 11p on, the cast hases. 'As previously mentioned in this
report, configuration E consisted of four formed blade shells, two of
SAE 4130 steel and two of Timken 17-22A(S) alloy, which has higher
strength properties than the SAE 4130 steel. Both of the SAE 4130
steel blades and oné of the two blades made of Timken 17-22A(S) were

heat-trested to increase further the strength and decrease the creep
rate. The resulis of investigating the four blades of this configura-~

tion indicated.that no slgnificant creep was measured after the com-
pletion of 60 cycles of operation in addition to a total of 1 hour of
constant-speed rumning at 11,000 and 11,500 rpm. No further measure-
ments were made of the blede elongation because of the failure of an
uncooled reference blade after 69 cycles, which damaged the tips of
all the four cooled blades. Approximately 1/8 inch had to be ground
from the tips of the blades ta remove the damaged portions. The
removal of this mass of mebtal from the tip decreassed the centrifugal
stress at the blade base by approximately 500 pounds per square inch.
In the process of removing the cooled blades from the rotor for
repair, the SAE 4130 steel blade with copper-brazed tubes (El) was

damaged at the leading edge to the extent that 1t was not consldered ...

satiefactory for further investigation. Therefore two of the
17-22A(S) blades were indtalled in anocther rotor and the endurance
test was contimned. - After a tohal of 105 cycles of aoperation, the
unheat-treated blade.(E3) failed at the base. Inspection of the
Ffracture indlcated that the fallure could posslibly have been caused

by a small structural defect that was known to have exlated from the

time the blade wdas fabricated. In place of.thls blade the remaining
SAE 4130 Bteel blade'(EZ) was 1nstalled in the rotor and the cyclic

running continued.. S e e LU T LT
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During the running of the 17-22A(S) and SAE 4130 blades a portion
of the nozzle disphragm Ffailed and bent the tip of the 17-22A(S) blade
E4 at the leading edge. The blade was repaired by grinding the leading
edge at. the blade tip. After e total running time of 154 cyclées on the
SAE 4130 blade and 190 cycles on the 17-22A(S) blade, inspection of the
blades disclosed that the oxldation, which was first cbserved after
20 cycles of operation and which increased at the tip after 60 cycles
of operation, was egpecially severe at the leading and trailing edges
of the SAE 4130 blade E3 as shown in figure 8. This blade was removed
Prom the rotor and replaced by a blade of similar configuration. The
endurance test continued until 200 cycles were completed on the 17-22A(S)
blade E4 at which time the test was terminated because the test condi-.
tione (50 hr at rated speed during the cyclic test) were considered
sufficient to demonstrate the structural durgbility of these bladés. A
photograph of this blade after 200 cycles of operstion is shown in fig-
ure 7. Because the tip at the leading edge was damaged by failure of
an engine component, the tip was ground as previously mentioned. Con-
siderable oxidation of this region is also apparent.

The results of the endurance investigation, although limited in the
number of blades investigated, show that air-cooled blades made of
noncritical metals can be operated for extended periods of time in
engines gt current turbine-inlet temperatures; however, before these
blades are considered completely satisfactory for gas-turbine applica-
tion, some means such as coatlngs 1s required to inhibit the oxidation
of the blades. It also appears that both the copper-breze and Nicro-
braze methods of attaching the tube inserts to the blade shell are
equally satisfactory, and the isothermal quench heat-treatment of blades
made of noncritical materials decreased the creep rate and improved
blade.life.

SUMMARY OF RESULTS

The results of an experimentel investigstion to determine the dura-
bility of several sir-cocled turbine-blade configuratlons made of
noncritical materials are surmerized as follows:

l. Air-cooled blades made of noncriticel materials and bavihg large
chordwise temperature gradients are structurally satisfactory for sus-
tained turbojet-engine operation at a turbine-inlet tempersture of
approximately 1670° F and a cooling-air to combustlon—gas flow ratio -
per blade of 0.05.°

2. Blades made of noncritical materials oxidized severely when sub-
jected to the combustion gases for extended periods of time. It is
evident that some oxidation resistant coating 1s necessary when low-
alloy steels are used.
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3. Several blades having radial slots in the leading edge for film
cooling in order to reduce the chordwise temperature gradients were
investigated and found to be structurally unsatisfactory because of
inherent weakness in the.designs.

4. The isathermal quench heat-treatment used on several of the
blades made of noncritical meterials apparently decreased the creep
rate gnd increased- blade life. -

5. Attasching the blade shells to the hlade bases by erc butt weld-
ing was preferahle to fillet welding because of the insufficient weld
penetration cbtained with the fillet welds. . -

6. Both copper braze and Nicrobraze wei¥e apparently equally
satisfactory from a gtructural standpoint for attaching the tube
inserts to the blade shells.

Lewis Flight Propulsion lLeboratory
Natiohal Advisory Ccmmittee for Aeronautics
Cleveland, OChio . . ) Co - T
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TABIE I - CHEMICAT, COMPOSITICON

Blede Chemicel content
material (percent)
Carbon {Manganese | Phogphorus | Sulfur |Silicon |Chramium |Molybdenum|Nickel |Tungsten| Iron Cobalt
(max) |{(max)
BAE 4130 | 0.28 | 0.40 0.040 [0.040 | 0.20 0.80 0.15 |r=-== | ---- |Remainder|-------
to to to to to
.33 .60 .35 1.10 .25
Timken 0.28 | 0.45 0.040 {0.040 | 0.55 1.0 0.40  [--ee- ---- |Remainder|-wnwem-
17-224(8) | to to to to to
.33 .65 © .78 1.5 .80
AMS 53824 0.45 1.00 0.040 [0.040 | 1.00 24.50 ——— 9.50 [ 7.00 2.00 Remain-
to max max o’ to to max der
.05 - 26.50 11.50 8.00 :

T T

a1
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TAEBLE IT - BLADE FABRICATTON DATA

17

Methaod of tube

Blade PFabrication Shell Hegt-treatment
method materlial attachment
Al Blade shéll and base | SAE 4130 Steel | Tubes Nicrobrazed None
Integrally cast end terminated gt
’ base of shell
A2 SAE 4130 Steel
A3 AMS 53824
Ad AMS 5382A
Bl Biade shell and bhase | SAE 4130 Steel |Tubes Kicrobrazed None
Iintegrally cast : and terminated at
o : base of shell
BZ SAE 4130 Steel
Ci Blade shell and bgse | SAR 4130 Steel | Tubes Ricrobrazed - None
Integrally cast and terminated at
base of shell
c2 SAE 4130 Steel
DL Formed shell fillet SAE 4130 Steel - | Fubes Nicrobrazed '|[Stress relieved
welded to base - and terminated at after welding
base of shell of shell to base
D2 SAE 4130 8teel |Tubes copper brazed
and terminated at
base of shell
EL Formed shell arc . SAE 4130 Steel Tubes copper.brazed |Isothermsl quench
butt welded to base end extending into
base of blade
E2 SAE 4130 Steel Tubes Nicrobrazed
and extending into
base of blede
E3 Timken Tubes copper brazed |Stress relieved
17-224(8) Steel |and extending into |after welding
base of hlade . of shell to base
E4 Timken Tubes Nicrobrazed Isothermal quench

17-22A(S) Steel

and extending into
base of blade

~REA
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TABLE III - SUMMARY OF ENDURANCE TESTS OF BLADERS MODIPLED TO REDUCR CEORDWISR TEMPERATORE GRADTENTS

Blade Hiade | Blade [Wominal | Tize at  |Ratio of |Effective Remarka
sonfigurstion . mdterial [engine spasd ocolant |gme temp-
‘f"d ta gas erature
rpm)  (br) [ (min) |fiow ©°r) .
Al Cast BAE .
and 4130 _ Endurance test b.ﬂ: with two cooled
12 atesl 4,000 38 0.15 | bladeg of gemo mAtgrial
8,000 27 Q.15 870
* 8,000 19 8.15 955 _
7,000 36 6,15 yag .
10,000 34 0.15 1070 C
31,000 | 31 0 | _0.16 1207 -
h 11,500 15 .15 1552 Cracks developsd perpendicular to vertiosl
alots al leading edge of or:m ecoled blade at
37! inch, 13w inchen, and 1f inches from base,
Cracks welded, engine running oontinued, _
8,000 30 0.10 937 . ]
9,000 50 Q.10 980 [
10,000 i 0.10 1058 Crack at lm inches reappeared on blede Al.
Thig blade removed from wheel and replaced
with uncooled 1011d blsde. Teat sonbinued
with blade A2.
A2 11,000 27 0.10 - 1270 -
» E] Q.10 am——— mun portion of leading comprised
. aof radia} slats broke away from bleds shall.
Ty Test on blade texminated.
8 O A v
AS Taat ' ) Endurance tes! hegan with two ocoled blpdes
and | aMg 4 00K o5° 215, 1027 af sape materigl
my s5824 - OO 20 N LOCO N
. 10, 02X 2 N 057 -
11, 5 15 N 1356 v
. e 20 B 580 o -
36, 00K 22 . 105¢. -
11,500 43 0,1 1382 Crack perpendicular to vortleal ,alots
davaloped ut Lledding edge of ore ecoled
blade at 1-! inches Irom base. Teat on T
BT Gast BAE - oTTT
and £130 ) Budurance test began with two ¢voled blmdas
B2 steel 2000 35 Q. B76 of er: . _
- 000 13 O,
2 s . [:]
4000 30 0. 5865
10,000 0 0.15 1128
11,000 1 1] Q.15 1327
11,500 19 Q.5 1452 Cracks devel perpendicular to vertieal
slota &t le ed;b ol em of the blades
) . at approxicately 1-5 and 1! inches from base.
Tast on remalning blade not contimied.
A O
.
-
3
Configuration B
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TABLE IV - SOXMARY OF ENDUEANCE TESTS OF BLADES WITE LARGE CHORDWISE TEMPERATURE SRADIENTS

Remaria

Blade Biadle |Blade Nominal Tine &t Ratic of |Effective
eonfiguration ergine speed eoalant |gas
to gas
Eml (o) | (min} | flow ©n |
cl cant SAE
4130 -
ateel 11,000 1 Q 0,15 1224 Enfurance test began with one ecoled bigde,
. 11,850 . T ° 0.15 1545 Two of tbe tubes, in shell of blade, Cearest
the tr «dge partad from the brmze near
- tip of blade. Test contirmed with blade in
this condttliom.
1,000 ©.10 1260 | thin oxide scate hegan to appear op the Diade, |
11,500 10 13710
=Tl ..
10,000 3 .08 | 109G
11,000 0% 1229
11,600 05 1358
11,500 05 1389 Oce of the tubes at trailing edge of the bladw
broke at Ié inotes from the baze and da-mged blade
up. n'.r.-pt to repair blade waa unsuacessfal.
c2 . 10,000 1 [:] Q.05 1053 mu blle:ar-np.:u;g f.hcm T vicus blade l.&ar it
1, o 12%7 ba 2] = the ro X-ray inspeotian of
#0001 1 ol o= . | Mlada pelar to installation revosled poro sity
:::.;mwmn third span length from the
).
11,500 | [ 0.06 1828 Thin oxide scale forwed op bliade, |
11,900 [1] 0.@ 1450
4,000 40 — — c;m:l.lc teat (00 cycles completed). Englne shuc-
11,500 | 2¢ ) 0.05 1450 of the 8lst n:o o Lezause of high
turb!.r:c-:.nlnt temparature Jdue to =elfunc tianin; af
engire comgsnents. Inapeckion of the blade dis
. closed exoeasive ereen at the trailing edge acd ".n!
tears at the leading edge. Test on tte blade tarc-
. -~ - winated.
con.l’igxmtinn 4 =
l.bun bl.ld- sd  |SAE 4130 Briurarce teat bagan wi two ogaled bladea af N
-3 steel 4,000 b3 a — —— -aa- -uri.l.l cnli;_l:;lt (]l'glmhn completed
1,800 | 2 £ 0.05 1450 lus nine MLz oycle]. Blade DL falled
due to fficlent weld panetration at the base.
Camfiguration D . Test on blate D2 oot contimred.
o 0 0.08 1190
e 30° 0.0% 1516
& 45 — — Cyclic teat. Oxida scale cbserved after
17 15 .06 145 20 cycles. Blade ccompleted 83 cyoles. BElale
- damaged on removal from rotor. Test on this
blade not contirmed. _ .
—~ 30 1190
— 3a 1508 LY
12 SO — muo tast. OCxide scale observed after 20 cycles.
38 30 1450 caompleted 154 cycles. Excesslve oxidation
. at thl t!.p of the bladZe. Test on this blade
termirated.
- 30 ©.05 1190
- 30 0,08 1315
8 45 —_— —_—
26 1S 0.08 1450 Cyclic test. Oxiia scale observed after 20 cyales.
Blade falled ai base after I en
— 3 a.08 1120
— 30 0.05 13156
16 £0 —_— —_ Cyellc m-ugliﬁ acale chsarved n.t‘tu.‘n? eyclam.
— B 1450 Hade =cmple cyclas. Teat bime eanditions
&0 0-08 cmsidered suffiaient to deascnstrate the structural
* durabllity of this bldde. Test on blale terminated.
Configuration B
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292

Cap covering leading and treiling

edge regions of blade tip

.....
...........
.............

(Arrows indicate cooling-air flow.)

Figure 1. - Alr-cooled blade, configuration A.
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Cap covering entire blade tip

26%2

g
!
i

Supporting strut
betwsen two

¥Ooba+

(Arrows indicate cooling-air £low.)

Figure 2, ~ Alr-cooled blade, configuration B.
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‘Tibes terminaté atE
bass af shell —

(b) Bottam view.

Figure 3, - Air-cooled blade, configuration C.

2622
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Tubes extend

........... base of b n

into B

(b} Bottom view.

Figure 4. - Alr-cooled blade, configuration E.

NACA,
C-28335
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Proflle after 2 min

of

RACA RM E51J10

0.095" 0,105"
|
|

0.060" - o.032"
-— ———]

5.043"

5.183"

|
—
—
5.065"
5.043"
f
L
[
L
i i

Figure 5., - Distortion and creep of blade C2 (cast of SAE 4130 stesel)} aftsr 2 minutes of

elghty-first oyole of operation.
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Figure 6. - Conditicm of blads X2 mads of SAE 4130 eteel after 154 oyoles of operation,

OTLISHE WI VOVN

524



26 ) : NWACA RM ES1J10

CA
c-27822

NACA-Langley - i2-5-51 - 336

Figus 7, - Candition of blade E4 made of Timken Alloy 17-22A(S) after 200 cycles of operatiom.
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